Drought is a key limiting factor for tree growth in the Mediterranean Basin. However, the variability in acclimation via xylem traits is largely unknown. We studied tree growth and vessel features of Quercus petraea (Matt.) Lieb. in five marginal stands across southern Europe. Tree-ring width (TRW), mean earlywood vessel area (MVA) and number of earlywood vessels (NV) as well as theoretical hydraulic conductivity (K h ) chronologies were developed for the period 1963-2012. Summer drought signals were consistent among TRW chronologies; however, climatic responses of vessel features differed considerably among sites. At the three xeric sites, previous year's summer drought had a negative effect on MVA and a positive effect on NV. In contrast, at the two mesic sites, current year's spring drought negatively affected NV, while exerting a positive influence on MVA. In both cases, K h was not altered by this xylem adjustment. All variables revealed identical east-west geographical patterns in growth and anatomical features. Sessile oak copes with drought in different ways: at xeric sites and after unfavourable previous summer conditions more but smaller vessels are built, lowering vulnerability to cavitation, whereas at mesic sites, dry springs partly lead to tree-rings with wider but fewer vessels. The variability of vessel-related features displays a similar geographical dipole in the Mediterranean Basin previously described for tree growth by other studies.
Introduction
The Mediterranean Basin hosts a large variety of ecosystems and habitats and is considered a biodiversity hot spot (Médail and Quézel 1997 , Mittermeier et al. 1998 , Myers et al. 2000 . Such species richness is partly due to its location in a climatic transition zone where typical Mediterranean and temperate species coexist. Moreover, many of the temperate species reach their southern distribution limits in this region. Most climate predictions point to increasing water limitations and the role of heat waves in the Mediterranean (Giorgi and Lionello 2008 , Mariotti 2010 , Collins et al. 2013 , which may restrict even more the climatic niche of the temperate species growing in the region (Gazol et al. 2015) . Several articles have already pointed out drought as a pivotal driver of tree mortality in different species and regions in the Mediterranean Basin (Markalas 1992 , Martínez-Vilalta and Piñol 2002 , Körner et al. 2005 .
In order to cope with water limitations, plants perform different adjustments such as changes in the rooting system, in the hydraulic architecture and/or in the transpiration regulation (Sperry et al. 2002 , Martínez-Vilalta et al. 2014 . These adjustments attempt to maintain an equilibrium between the evaporative demand and the total water supply in the plant (Tyree and Zimmermann 2002) . However, severe or long periods of water limitation may lead to the collapse of the plant hydraulic system and/or a depletion of the carbon reserves, and ultimately to tree death (McDowell et al. 2008 , McDowell 2011 .
Hydraulic conductivity directly depends on the diameter of the conduit elements. In ring-porous species, there is a drastic contrast of vessel size between the early-and the latewood, which makes earlywood vessels key players in the water transport within the plant (Tyree and Zimmermann 2002) . Earlywood vessels are considered more efficient in long-distance water transport (~90% of the total hydraulic conductivity) than latewood vessels, which are, by far, smaller (Tyree et al. 1994, Tyree and Zimmermann 2002) . However, in ring-porous species, the risk of embolism is related to the maximum size of the pores in the inter-conduit pit membrane (Hacke and Sperry 2001) , which has often been associated with the diameter of the conduit ). Higher numbers of pits (since vessels are larger) also increase the vulnerability to cavitation under drought stress (Christman et al. 2012) . Thus, there is a well-known trade-off between efficiency and safety in relation to the diameter/size of the conduit element (Sperry et al. 2008) . Wider vessels are more efficient in conducting water, but they are also more vulnerable to cavitation events (Hacke and Sperry 2001 . Variations in both efficiency and safety are expected to reflect ecological and evolutionary differences among species (Gleason et al. 2016 ), but little is known about intraspecific variations.
Our target species, sessile oak (Quercus petraea (Matt.) Liebl.), is a broad-leaf deciduous temperate tree species and a typical ring-porous species with a wide distribution range in Europe. Sessile oak wood is made up of vessels, tracheids, fibres and parenchyma cells (Schweingruber 1993) . The earlywood vessels are formed at the beginning of the growing season, several days before bud burst (Bréda and Granier 1996) , and they strongly depend on the stored carbon from the previous growing season (Kozlowski 1992 , Sass-Klaassen et al. 2011 . Earlywood vessels are extremely sensitive to freezethaw embolism during winter. Thus, the conductive system has to be rebuilt each year in early spring since ring-porous trees do not seem to refill embolized earlywood vessels (Cochard and Tyree 1990 , Hacke and Sauter 1996 , Hacke and Sperry 2001 . According to literature, the two most important periods for the later formation of the earlywood vessels are (i) the end of the previous growing season when carbohydrates are stored for the next year (Michelot et al. 2012b ) and (ii) the beginning of the growing season when cambium reactivation and vessel formation occur ). Moreover, sessile oak has been described as a relatively anisohydric species due to its ability to keep high photosynthetic rates and stomatal conductance under low water potentials (Aranda et al. 2000) , although a considerable revision of this term has been proposed recently (Klein 2014, Martínez-Vilalta and Garcia-Forner 2016) . Therefore, sessile oak trees should perform an accurate xylem adjustment in order to avoid possible embolism, which in the end reduces the water transport capacity.
Intraspecific functional trait variations across populations are not well-known, but are critical to understand and to predict plant responses to climate change (Parmesan 2006) . Continuous quantitative wood anatomical measurements are being used more frequently in dendrochronology to explore the effects of climate on xylem features such as tracheids (Liang et al. 2013 , Martin-Benito et al. 2013 ) and vessels (García-González and Eckstein 2003 , Corcuera et al. 2004 , Fonti and García-González 2004 , Pritzkow et al. 2016 ). This dendrochronological approach has the advantage of providing long-time records of changes in water-conductive cells.
In this study, we use dendrochronological and quantitative wood anatomical techniques to investigate how sessile oak trees from five different stands distributed along a longitudinal gradient at the southern edge of the species distribution have adjusted their xylem traits (tree-ring width, mean earlywood vessel area and number of earlywood vessels) in response to climate over the last 50 years. Our objectives are: (i) to characterize the climatic influences on tree growth and earlywood vessel features for each study site; (ii) to evaluate how the influences of climate change over time; and (iii) to assess the relationships among stand growth, earlywood vessel features and responses to climate.
Materials and methods

Study sites
Five sessile oak (Q. petraea) forests were selected across the southernmost limit of the species natural distribution in Europe (Figure 1 ). The stands are distributed on a wide longitudinal gradient (2.38°E-27.02°E) covering two different climates. The western and central Mediterranean stands Can Figueroles (CFI ES , Spain), Roccheta Tanaro/Asti (AST IT , Italy) and Dolenja (DOL SI , Slovenia) are located in the Mediterranean Mountains environmental zone (Metzger et al. 2005, Mediterranean sites, hereafter) . Those sites are characterized by a typical Mediterranean climate with a dramatic drop of precipitation during summer and one or two maxima of precipitation during the colder months. During the study period , mean annual temperatures at the three sites were 13.5 , 12.5 and 8.2°C, respectively. On the other hand, the eastern populations Focsani (FOS RO , Romania) and Sushitsa (SUS BG , Bulgaria) are in the Continental environmental zone (Metzger et al. 2005 , Continental sites, hereafter) with continuous and rather uniformly distributed rainfall over the year, with a maximum precipitation in late spring and temperatures far below zero during winter. Mean annual temperatures for the study period at the two sites were 8. 
Sampling, wood preparation and chronology construction
Two increment cores per tree were taken at breast height from 20 to 23 dominant or co-dominant trees (for exact sample sizes per site see Table 1 ). Additionally, diameter at breast height and total height of the trees were measured at each study site. All sampled trees were older than 80 years in order to avoid the effect of juvenile wood on the anatomical analyses. The 5-mm cores were dried and sanded with progressively finer sand paper until the rings were clearly visible. Cores were visually cross-dated under a binocular microscope (Fritts 1976) . Tree-ring width (TRW) was measured to a precision of 0.01 mm using a LINTAB measuring device (Rinntech, Heidelberg, Germany). The quality and correct dating of the series were checked with the programme COFECHA (Holmes 1983) . For the earlywood vessel measurements, 12 representative and undamaged cores out of 12 trees were selected per site. The sample preparation and image analysis followed the procedures described by García-González and Fonti (2007) . Selected cores were surfaced with the advanced core-microtome of the Swiss Federal Institute for Forest, Snow and Landscape Research (Gärtner and Nievergelt 2010) . The lumens of the earlywood vessels were cleaned with blasts of air and water pressure to remove tyloses and wood dust. Finally, core surfaces were coloured with black ink and vessel lumens were refilled with white wax in order to obtain the best contrast. Cores were scanned at 2100 dpi with a high-resolution scanner (Epson Expression 10000 XL, Seiko Epson Corporation, Suwa, Japan). 
where ρ is the density of water at 20°C (998.2 kg m −3
), η is the viscosity of water at 20°C (1.002 × 10 −9 MPa s) and d i is the diameter of each one of the n vessels measured in year i. Time series of mean earlywood vessel area (MVA) and number of earlywood vessels (NV) as well as the theoretical hydraulic conductivity (K h ), were built for the period 1963-2012. In order to optimize the common signal, cores displaying low correlations with the mean series were discarded and not considered for further analyses (see Table 2 for final sample sizes). The diameter of vascular conduits increases towards the stem base (Anfodillo et al. 2006) . By widening the diameter of xylem conduits from the stem apex downwards, trees are able to minimize the adverse effect of height growth on pathway length resistance. The conduit-lumen diameter in a tree also increases with cambial age at rates dependent on the rates of stem elongation (Carrer et al. 2015) . Therefore, a standardization procedure that (i) removes this increasing trend of conduit size during ontogeny, (ii) homogenizes the sample weights in the mean chronology and (iii) stabilizes the variance of the series is needed (Cook et al. 1990 , Carrer et al. 2015 . To remove these non-climate-related low-frequency variations and retain year-to-year variability, each selected individual series underwent a 10-year high-pass filter that is considered a flexible statistical method, which is also in agreement with the hydraulic constraints on conduit size during ontogenesis (Carrer et al. 2015) . The obtained index series were scaled to z-scores and averaged to build the final site chronologies of TRW, MVA, NV and K h (see Figure S1 available as Supplementary Data at Tree Physiology Online).
Data analysis
The quality of the chronologies was characterized using classical dendrochronological descriptive statistics and parameters such as the mean sensitivity (Ms) to reflect the high-frequency variance; the mean first-order autocorrelation (AR), the correlation among series (Corr), the mean intercorrelation among trees (Rbt), and the expressed population signal (EPS). Expressed population signal is the chronology signal expressed as a fraction of the total chronology variance (Fritts 1976 , Wigley et al. 1984 .
CRU TS3.21 gridded total monthly precipitation and monthly average temperature covering the period 1901-2012 were used for the analyses. The CRU data for the study period were extracted from the closest grid point to each study site. The low-frequency variations in the climate series were removed by applying a 10-year high-pass filter as previously done for the tree-ring variables. Additionally, the standardized precipitation-evapotranspiration index (SPEI) (Vicente-Serrano et al. 2010) , which is a multiscalar climatic drought index, was calculated. The influence of monthly precipitation and monthly mean temperature on TRW, MVA, NV and K h chronologies was explored by means of bootstrapped correlation analysis using the R package bootRes (Zang and Biondi 2013) . Correlation values displaying P values ≤0.05 were considered statistically significant. The climatic influences on other anatomical variables, e.g., maximum and minimum vessel size per ring, were also explored. However, since the statistical quality of these series was lower and the patterns were similar to those revealed by MVA, these parameters were not further considered (see Figure S2 and S3, Table S1 available as Supplementary Data at Tree Physiology Online). The bootstrapped Pearson correlations were run from June of the previous year to October of the current year for the TRW chronologies. However, the correlation window for MVA, NV and K h spanned only from previous June to current June, since earlywood vessels are completely formed by the end of spring (Sass-Klaassen et al. 2011 , Michelot et al. 2012a , 2012b . Additionally, different time-scales of SPEI (1, 3, 6 and 12 months) were used in the correlation analysis.
The temporal stability of SPEI-earlywood anatomical trait relationship was analysed by means of a 31-year moving bootstrapped Pearson correlation. Two different SPEI time-scales, short-term (3 months) and long-term (12 months), were used. Furthermore, only SPEI of the relevant periods for the earlywood vessels formation (end of the previous growing season: from June to August, and beginning of the current growing season: from March to May) were considered for the moving correlation analyses.
Rotated principal component analysis (RPCA) using a varimax rotation was performed for the common period 1963-2012 on the standardized TRW, MVA, NV and K h chronologies to provide an overview of the common variance of the chronologies network. In order to assess the spatial patterns of similarities, each site chronology was correlated with the two first rotated principal components.
Results
Quality of the chronologies
The related statistics of the chronologies indicated sufficient quality (Table 2 ). In general, TRW had higher values of the year-toyear variation than the earlywood vessel features (MVA, NV, K h ), although based on different sample numbers. This could be seen in the mean sensitivity (Ms); higher dependency of previous year growth expressed by the first-order autocorrelation (AR); and higher similarity between series indicated by the EPS, correlation among series (Corr), and mean intercorrelation among cores (Rbt). Among all the chronologies only TRW reached an EPS value of more than 0.85, which is the well-accepted threshold in Figure 2 . Linear regressions between NV and MVA chronologies as well as MVA and NV with K h for all study sites. Significance levels: . P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001. MVA: mean earlywood vessel area, NV: number of earlywood vessels, K h : theoretical hydraulic conductivity.
Tree Physiology Online at http://www.treephys.oxfordjournals.org dendrochronology of chronology reliability (Wigley et al. 1984) . Regarding the influence of the previous years upon growth (i.e., AR), TRW and K h from all sites showed significant autocorrelations from 0.50 to 0.68 and from 0.37 to 0.60, respectively (except K h at AST IT ). In contrast, MVA and NV displayed significant autocorrelation at the xeric sites (CFI ES , SUS BG and FOS RO , except NV at FOS RO ).
Associations of TRW and xylem features at the study sites At all study sites except for DOL SI , NV and MVA displayed significant negative relationships, i.e., more earlywood vessels implied smaller mean vessel area (R 2 of 0.09, 0.22, 0.26 and 0.40) (Figure 2 ). Theoretical hydraulic conductivity (K h ) significantly increased with both MVA and NV (Figure 2 ), related R 2 ranged between 0.07 and 0.51 depending on the site and vessel feature. Relationships of K h to MVA were stronger than to NV, especially at the xeric sites (CFI ES , SUS BG and FOS RO ). At the most mesic site DOL SI , both relationships of K h to MVA and to NV were highly significant. At the Continental sites (FOS RO and SUS BG ), MVA and K h were significantly positively correlated with the TRW of the previous year (TRW p ), and K h also with the TRW of the current year (TRW c ) ( Table 3 ). In contrast, at the Mediterranean sites CFI ES and AST IT , NV and K h were positively associated with TRW of the current year (all significant except for one). For the Mediterranean site DOL SI , a significant association between K h and TRW p was found.
Relationships with climatic variables
Correlations of TRW and earlywood vessel features with mean monthly temperature and precipitation, as well as SPEI of 1, 2, 6
and 12 months, were tested for the previous June until the current October and from the previous June until the current June, respectively (Figure 3) . In general, the most mesic site, DOL SI , showed few significant correlations.
Tree-ring width displayed more significant correlations with climate than the earlywood vessel features. These correlations were higher and more frequently significant with precipitation than with temperature ( Figure 3 and Figure S2 available as Supplementary Data at Tree Physiology Online). Temperature exerted a negative influence while precipitation had a positive impact on sessile oak growth, which is perfectly supported by the consistent positive relationships with SPEI. The previous year's conditions exerted a significant effect on TRW at the Continental sites (FOS RO and SUS BG ). Current year's winter conditions had a strong effect on TRW at the mesic site AST IT . AST IT showed a significant correlation with long-term SPEI. The climatic conditions during the current growing season had significant effects on TRW, particularly at the Mediterranean sites (CFI ES , AST IT and DOL SI ), whereas the Continental sites, SUS BG and FOS RO , were sensitive only to long-term drought.
Mean earlywood vessel area (MVA) chronologies at the xeric sites (CFI ES , SUS BG and FOS RO ) displayed significant correlations with previous year's summer drought conditions (temperature, precipitation or both, and SPEI). In addition, MVA from AST IT , DOL SI and FOS RO showed significant positive correlations with temperature of the previous December (r of 0.24, 0.28 and 0.27, respectively). In contrast, spring temperature of the current year positively influenced MVA at the Continental sites (SUS BG and FOS RO ), whereas spring precipitation of the current year negatively affected MVA in AST IT and SUS BG . This effect was the strongest at AST IT , as indicated by the strong and significant correlation with SPEI: the drier the conditions, the larger the newly formed earlywood vessels.
Number of earlywood vessels (NV) chronologies from the xeric sites (CFI ES and to a minor degree SUS BG and FOS RO ) were significantly related to climate conditions of the previous summer: the warmer and the drier the preceding year was, the more earlywood vessels were built in the current year. In contrast, current year's drought was associated with fewer vessels (NV) at the mesic sites AST IT and DOL SI . Number of earlywood vessels from the Continental sites (SUS BG and FOS RO ) seemed to also be limited by temperatures of the current March and by SPEI, both long-and short-term, in the case of SUS BG .
Although there were quite clear associations between MVA and NV with the current and the previous year's climate conditions, K h did not reveal any distinct climate responses. However, it showed more significant correlations with temperature than with precipitation. The temperature of the previous year's July and September exerted a negative effect on K h at the xeric sites (CFI ES , SUS BG and FOS RO ), whereas the temperature of the previous August exerted a positive effect on K h at DOL SI . SUS BG was the only site where positive SPEI correlations of previous growing season and winter were found. The correlations of MVA and NV chronologies with seasonal SPEI did not show distinct changes over the last 50 years, although some variations were observed (see Figure S4 available as Supplementary Data at Tree Physiology Online).
Rotated principal components analysis
The results of the RPCA revealed a clear separation between Mediterranean and Continental sites for all variables (Figure 4 ). In the case of TRW chronologies, the first two RPCs explained 55% of the total variance. The first RPC explained 28% and was strongly related to the TRW chronologies from the Mediterranean sites (CFI ES , AST IT and DOL SI ). The second RPC represented 27% of the common variance and was significantly correlated with TRW chronologies except for DOL SI . These correlations were positive with the TRW chronologies from the xeric sites (CFI ES , SUS BG and FOS RO ) and negative with the mesic site AST IT . A nearly identical pattern was revealed for MVA. Sixty-one percent of common variance of MVA was explained by RPC1 and RPC2 (33% and 28%, respectively). The MVA chronologies from the Mediterranean sites (CFI ES , AST IT and DOL SI ) were significantly correlated with RPC1, whereas the Continental sites (SUS BG and FOS RO ) with RPC2. Regarding NV chronologies, 52% of total variance were explained, 27% by the first and 25% by the second component. The NV chronologies from the Continental sites (SUS BG and FOS RO ) were significantly positively correlated with RPC1, whereas the Mediterranean sites (CFI ES , AST IT and DOL SI ) with RPC2. However, chronologies of the mesic sites (AST IT and DOL SI ) were positively correlated with RPC2, while CFI ES displayed a significant negative correlation. In the case of K h , the first two components explained 64% of the total variance, 37% and 27%, respectively. The K h chronologies from the Mediterranean sites (CFI ES , AST IT and DOL SI ) showed significant positive correlations with RPC1, whereas K h from FOS RO was negatively correlated. Theoretical hydraulic conductivity (K h ) from the Continental sites (SUS BG and FOS RO ) were positively correlated with RPC2, whereas K h from DOL SI was negatively correlated.
Discussion
Robustness of the chronologies
All the dendrochronological statistics indicate that TRW chronologies displayed higher data quality, i.e., higher common signal (EPS) and higher synchrony among series (Corr, Rbt), whereas MVA, NV and K h showed lower values of Ms, Corr and EPS (below the 0.85 threshold). Such a low strength of the signal among trees may indicate a dominance of individual processes that obscure the stand-level signals (Fritts 1976 ). However, Martin-Benito et al. (2013) suggested that a low common signal is most probably caused by the reduced variability range of vessel/ tracheid sizes compared with those of ring widths. This might Tree Physiology Online at http://www.treephys.oxfordjournals.org also be the reason why the common signal did not increase dramatically with a better representation of vessel number by enlarging the measured area as reported by García-González and Fonti (2007) . Although the wood-anatomical chronology statistics were similarly low in our study, they displayed strong correlations with climatic variables, especially at AST IT . Such a high sensitivity to climate, despite the low EPS, seems to be a common phenomenon in earlywood vessel chronologies not only for Quercus spp. (García-González and Eckstein 2003, Corcuera et al. 2004 , Campelo et al. 2010 , Gea-Izquierdo et al. 2012 , González-González et al. 2013 , Pritzkow et al. 2016 ) but also among other ring-porous species, e.g. Castanea sativa García-González 2004, Fonti et al. 2007 ). Additionally, anatomical variables from mesic sites seem to have lower dependency on the previous year's climate conditions as shown by the autocorrelation values.
Climatic response of the different variables
Our findings confirmed a large variability in the TRW climatic responses pointing to a large plasticity of oak, which has also been reported for the studied species by other authors (e.g., Cufar et al. 2014 ). In our study, TRW chronologies from the Continental sites showed a special sensitivity to the previous year's climatic conditions (e.g., Popa et al. 2013) , while the Mediterranean sites were mainly affected by the severity of the current year's summer drought, which is typical of the Mediterranean climate (e.g., Tessier et al. 1994 , Rozas 2005 , Cufar et al. 2008 .
The climate signals coded in TRW were different from those displayed by MVA, NV and K h . Essentially, this might be due to the different limiting processes underlying each variable and the temporal windows involved in the formation of tree-rings and earlywood vessels (Fonti and García-González 2008) . Specifically, the TRW variability in sessile oak is related fundamentally to variations in the latewood width, since the earlywood width displays low year-to-year variability (Tardif and Conciatori 2006, Michelot et al. 2012a) .
While the correlations between TRW and climate could be arranged into two different groups according to the environmental zoning, climate correlations with MVA and NV could be classified based on the site-specific precipitation regimes. According to our results, earlywood anatomical chronologies from the xeric sites were well correlated with the previous year's climatic conditions, whereas those from the mesic sites were correlated with Figure 4 . Pearson correlation coefficients between site chronologies and the two first rotated principal components (RCPs) per variable (TRW, MVA, NV and K h ). Significance at P < 0.05 level. TRW: tree-ring width, MVA: mean earlywood vessel area, NV: number of earlywood vessels, K h : theoretical hydraulic conductivity.
Tree Physiology Volume 37, 2017 the current year's conditions. Similar results were found by independent studies for Quercus spp. at xeric (e.g., Tardif and Conciatori 2006, Fonti and García-González 2008) and mesic sites (e.g., Eckstein 2003, González-González et al. 2013) , as well as in a moisture gradient (e.g., Fonti and García-González 2008) . However, a limitation of our study is the characterization of site aridity based only on climatic variables, since no data on soil characteristics were available for the study sites. Although differences among sites are largely triggered by climatic conditions, soil characteristics could additionally play a relevant role for water availability.
In addition to the moisture characteristic of the sites, late winter-early spring temperatures exerted a dominant control on earlywood anatomical variables at the Continental sites, most likely throughout their influence on the onset of the cambial activity , Rossi et al. 2007 , Pritzkow et al. 2016 . Additionally, since MVA and NV contribute to the calculation of K h (Figure 2 , Eq. (1)), the K h -climate correlation coefficients might resemble a combination of the correlation patterns of MVA and NV with climate, particularly in the case of temperature as shown by other studies (González-González et al. 2015) . However, K h was less sensitive to climate than MVA and NV showing only few significant correlations.
Stronger relationships were found when correlating TRW, MVA and NV with SPEI. The summer drought of the current year was identified as a common climatic driver in all TRW chronologies, though at different time-scales. Furthermore, these correlations were stable for the last 50 years, particularly at the xeric sites. In the case of MVA and NV, the correlations with SPEI mirrored the site moisture classification. At the xeric sites, previouse year's summer drought exerted a positive effect on MVA and a negative one on NV, respectively; whereas at the mesic sites, current year's spring drought had a negative influence on MVA and a positive one on NV.
Xylem adjustment: safety vs efficiency
Based on our results, we could identify two different strategies of vessel responses to drought. At the xeric sites, MVA and NV were mainly limited by the climatic conditions at the end of the previous growing season. We hypothesize that the signal in the earlywood vessels at xeric sites is linked to the accumulation of carbon reserves at the end of the previous growing season, which is crucial to re-establish the water pathway at the beginning of the next growing season Bréda 2002, Michelot et al. 2012b ). Although sessile oak is able to keep all the photosynthetic processes working even under considerable low water potentials (Epron and Dreyer 1993, Raftoyannis and Radoglou 2002) , during drought periods, the carbohydrates produced are mainly stored in order to strategically sustain longterm growth (Sala et al. 2012) . Despite restricted growth, the carbohydrate production and storage might be prolonged until the leaf fall (Barbaroux et al. 2003) . Our findings suggest that sessile oak trees undergoing drought stress tend to produce more but smaller rather than fewer but wider vessels in order to avoid potential drought damages and ensure the water supply during the next growing season. Similar results have also been reported for natural stands of Quercus spp. García-González 2008, Gea-Izquierdo et al. 2012 ) and for seedlings growing under controlled conditions (Galle et al. 2010) .
Earlywood vessels from mesic sites might not show such a signal because water availability is not constraining the carbon storage. The anatomical variables of sessile oak growing under mesic conditions seem to encode climatic signals of the current year's conditions, when the vessels are formed. Cell expansion depends on turgor pressure, which in turn depends on the uptake of water mostly provided by contemporaneous rainfall (García-González and Eckstein 2003). However, oaks at mesic sites displayed a negative relationship between MVA and drought. Studies carried out in floodplain areas with an excess of water availability found similar correlations between drought and MVA in Quercus robur (Tumajer and Treml 2016) and in Fraxinus nigra (Kames et al. 2016) . In those cases, the excess of water was limiting vessel sizes, which could also be the underlying cause of the negative MVA-drought revealed for mesic sites.
During the growing season, hormones seem also to play a crucial role in vessel formation (Aloni and Zimmermann 1983) . Although several hormones are involved in the wood development, auxin (IAA) is the main hormone that defines the final vessel size (Aloni 2010) . According to the auxin gradient hypothesis proposed by Aloni and Zimmermann (1983) , the increase in vessel size and decrease in vessel density is due to a decreasing auxin gradient from young leaves to the roots. Moreover, ringporous species may have developed a special sensitivity to IAA that enables early cambium reactivation at the beginning of the growing season before bud break (Aloni and Peterson 1997) . The final vessel size would be then the result of the auxin polar transport and the duration of the cell expansion phase before secondary cell-wall deposition and start of lignification (Anfodillo et al. 2012) . Previous studies have demonstrated the influence of climate in the auxin transport; particularly, rising temperature enhances the expression of genes involved in polar auxin transport and will ultimately result in different vessel size (Schrader et al. 2003) . However, the mechanisms behind this are not well understood yet. In our study, earlywood vessels from the mesic sites seem to be limited by dry conditions in the early growing season that could have influenced auxin polar transport, producing fewer but wider vessels to ensure a more efficient transport (efficiency is related to vessel size) in order to re-establish water transport to the future leaves. Moreover, it has been described that having a low vessel density of wider diameters at the base of the trunk allows for a maximal efficiency in water transport, which is considered to be an adaptation to mesic conditions (Tyree and Zimmermann 2002) .
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The IAA effect on vessel size and vessel density may also explain the negative relationship between MVA and NV, since a high auxin concentration promotes the production of smaller vessels at a higher density (Aloni and Zimmermann 1983) . Equally, MVA and NV were influenced by the same climatic drivers, but these drivers exerted opposed effects in the two variables. Therefore, the inverse influence of climate factors on MVA and NV mirrors the effect of auxin polar transport on MVA and NV. This negative relationship between MVA and NV shown by our results could be explained by optimal packaging rules (Zanne et al. 2010) ; however, the explained variances by the linear regressions were quite low and we cannot be conclusive. Our results also suggest that K h is not sensitive to drought since it barely showed any significant correlation with SPEI. We hypothesize that oaks adjust MVA and NV according to yearly climatic variability in order to avoid climatic limitations in water transport (K h ), although K h is a theoretical estimation and results may differ from field measurements.
Vessel size is known to be largely influenced by tree height (the so-called 'tapering' effect; Anfodillo et al. 2006 , Sperry et al. 2008 , Carrer et al. 2015 . In order to avoid such an effect, our chronologies were detrended to remove non-climatic trends such as the size (height) effect. Furthermore, no significant relationship was found between MVA and NV and tree height across sites (see Figure S5 available as Supplementary Data at Tree Physiology Online).
Spatial patterns
Our results of the RPCA agree with those reported by Seim et al. (2014) , who found a distinct east-west dipole in tree growth of pine species in the Mediterranean Basin. Chen et al. (2015) reported a similar spatial pattern in tree growth of European beech trees and related this pattern to summer climatic conditions. Furthermore, our results describe for the first time this geographical dipole not only for TRW chronologies, but also for earlywood anatomical traits. The geographical pattern seems to match the Mediterranean vs Continental classification of stands; however, more studies are needed to confirm our results. An increased availability of chronologies of earlywood vessels in the future will help to elucidate the climatic factors governing spring growth across the Mediterranean and the underlying cause for the east-west dipole.
Conclusions
This comparative study of xylem parameters from five different natural stands across the Mediterranean Basin showed that trees growing under water-limited conditions were able to adjust their anatomical traits in order to avoid possible drought damages and ensure water supply for the onset of the growing season. Such a safety strategy was related to production of more but smaller vessels at the xeric sites in response to drought in the previous year. By contrast, trees growing under mesic conditions performed an effective strategy by building efficient (wider but fewer) vessels. These two strategies could be related to two different important periods for the formation of the earlywood vessels: previous late-growing season when reserves are stored and the current early-growing season when the onset of the cambial activity starts, triggered by hormones.
Although the response to SPEI seemed to be mainly related to the moisture regime of the sites (xeric vs mesic), our results also revealed that the variability in chronologies led to a geographical pattern in tree growth. Such a pattern mirrored the classification into environmental climatic zones (Mediterranean Mountains vs Continental) and resembled the dipole pattern on tree growth at the Mediterranean Basin previously reported by other authors (Seim et al. 2014) .
Further studies focusing on the effect of environmental conditions on hormone transport and carbohydrates reserves in natural stands may help to better understand xylem architecture regulation and allow for more confident cause-effect interpretation and conclusions.
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